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Meiosis is the crucial process by which sexually propagating eukaryotes give rise to haploid gametes from diploid cells. Several key
processes, like homologous chromosomes pairing, synapsis, recombination, and segregation, sequentially take place in meiosis. Although
these widely conserved events are under both genetic and epigenetic control, the accurate details of molecular mechanisms are continuing
to investigate. Rice is a good model organism for exploring the molecular mechanisms of meiosis in higher plants. So far, 28 rice meiotic
genes have been characterized. In this review, we give an overview of the discovery of rice meiotic genes in the last ten years, with a
particular focus on their functions in meiosis.
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Meiosis is a special kind of cell division that plays signif-
icant roles in the life cycle of all sexually propagating eu-
karyotes. One of the most notable aspects of this process is
that meiotic cells undergo a single round of DNA replication
and two successive nuclear divisions (meiosis I and meiosis
II). Meiosis I is a reductional division, in which homologs
segregate away from each other. While in meiosis II, sister
chromatids segregate, just resemble that in a haploid mitosis
(Gerton and Hawley, 2005). A series of events that arise in the
prophase I of meiosis, including homologous chromosomes
recognition, pairing, recombination and segregation, are
crucial to gamete formation and sexual reproduction
(Kleckner, 1996; Zickler and Kleckner, 1999). The entire
process of meiosis is shown as Fig. 1 using rice as a model.* This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/3.0/).
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E-mail address: zkcheng@genetics.ac.cn (Z. Cheng).
1673-8527/$ - see front matter Copyright  2014, Institute of Genetics and Develop
Published by Elsevier Limited and Science Press. All rights reserved.
http://dx.doi.org/10.1016/j.jgg.2014.02.002In plants, the cytological behaviors of meiotic chromo-
somes have been analyzed for many decades by a combination
of various methods. Cytology, as one of the most commonly
used techniques, directly or indirectly showing meiotic chro-
mosomes, mainly relies on different instrument and ap-
proaches including bright-field microscopy, electron
microscopy (EM), fluorescence in situ hybridization (FISH),
and protein immunolocalization. Live-cell image using
cultured anthers has also been used to illuminate the cell
morphology of meiosis in higher plants (Sheehan and
Pawlowski, 2009). Recently, new ultra-high-resolution
microscopic techniques have been applied to get more supe-
rior images of chromatin and chromosome structure during
meiosis, especially together with the using of immunolocali-
zation techniques (Carlton, 2008; Shao et al., 2008).
Plants also provide an outstanding system for character-
ization of molecular mechanisms of major events occurred in
meiosis. The expressed meiotic prophase transcripts were well
analyzed in lily, which has large reproductive organs and long
duration of meiosis to create very specific cDNA libraries
(Kobayashi et al., 1993). However, as the model plant for
molecular biological research, Arabidopsis, even with tinymental Biology, Chinese Academy of Sciences, and Genetics Society of China.
Fig. 1. Male meiosis in the wild type rice.
A: Leptotene, the duplicated sister chromatids start to condense and form thin thread-like structures; B: Zygotene, the synaptonemal complexes are to be installed;
C: Pachytene, the fully synapsed chromosomes appear as a thick thread-like structure; D: Diplotene, due to the disassembly of SC, the homologs partially separate
except at chiasmata; E: Diakinesis, the highly condensed chromosomes show twelve bivalents; F: Metaphase I, the homologous chromosomes are pulled by
spindle to align along an equatorial plant; G: Anaphase I, the homologous pairs are separated toward opposing poles; H: Dyad, the haploid sets further condense to
form two daughter cells; I: Tetrad, meiosis is now completed to produce with four new formed nuclei. Chromosomes were stained with DAPI. Bars, 5 mm.
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molecular mechanisms of the meiotic control due to its well-
studied functional genomics. Since the first meiotic gene
AtDMC1 was identified (Klimyuk and Jones, 1997), about
eighty meiotic genes have been functionally characterized in
Arabidopsis (Hamant et al., 2006; Mercier and Grelon, 2008;
Osman et al., 2011).
Rice is one of the most significant crops that feed more
than 50% of the global population. Besides, the rice genome is
w430 Mb in size that is smaller than other cereal crops
(Eckardt, 2000). With the well-established methods for effi-
cient rice genetic transformation, especially after the
completion of rice genome sequencing, rice has become a
model organism of molecular biological research. The small
size of chromosomes and their moderate number provide ad-
vantages for making pachytene chromosome preparations in
rice. Thus, rice is also a good model organism for investigating
the molecular mechanism of meiosis in higher plants (Cheng,2013). The first rice meiotic gene, OsDMC1, was identified by
homologous search (Ding et al., 2001). After that, PAIR1, was
cloned and functionally characterized by Tos17 insertion site
tagging (Nonomura et al., 2004). The global gene profiling of
laser-captured pollen mother cells has also been analyzed to
identify the gene subfamilies involved in rice meiosis (Tang
et al., 2010). So far, 28 rice meiotic genes have been charac-
terized by Tos17 or T-DNA insertion site tagging, map-based
cloning, as well as RNA interference silence (Table 1). In
this review, we give an overview of the discovery of rice
meiotic genes in the last ten years, with a particular focus on
their functions in meiosis (Fig. 2).
MEIOTIC INITIATION
In eukaryotes, the transition from mitosis to meiosis is the
key process of sexual reproduction. Decisive events involved
in meiotic initiation occur in G1 phase and is thought to start
Table 1
List of the known function of meiotic genes in rice.
Gene name RGAP ID Protein feature Mutant phenotype Reference
Meiosis initiation
MIL1 Os07G05630 A plant-specific CC-type glutaredoxin Defects in the meiotic entry in anthers, somatic ls instead
of microspores in locules, normal female fertilit
Hong et al., 2012
OsAM1 Os03G44760 Maize AM1 homolog Defects in sister chromatid cohesion and chrom me
segregation, no synapsis and bivalents
Che et al., 2011
MEL1 Os03G58600 ARGONAUTE (AGO) family Defects in chromosome condensation, multinucl ed
and vacuolated pollen mother cells (PMCs)
Nonomura et al., 2007
MEL2 Os12G38460 A RNA-recognition-motif (RMM) protein Sterile, defects in synapsis Nonomura et al., 2011
Sister chromatid cohesion
OsREC8 Os05g50410 Yeast REC8 homolog, a-kleisin protein Sterile, defects in sister chromatid cohesion and
chromosome segregation, no bivalent, chromoso fragmentation
Zhang et al., 2012;
Shao et al., 2011
Protection of centromeric cohesion
BRK1 Os07G32480 Yeast BUB1 (budding uninhibited by
benzimidazole 1) homolog
Sterile, defects in spindle assembly and chromo e segregation Wang et al., 2012b
OsSGO1 Os02G55570 Yeast Shugoshin homolog Sterile, defect in synapsis and centromere cohes ,
the premature separation of sister chromatids
Wang et al., 2011b
Formation of meiotic DNA double-strand break (DSB)
PAIR1 Os03G01590 Novel Sterile, defects in meiotic DSB formation, fewe
chiasmata, no synapsis, univalent
Nonomura et al., 2004
OsSPO11-1 Os03G54091 Yeast SPO11 homolog, DNA
topoisomerase VIA subunit
Sterile, no DSBs, no chiasmata, no synapsis, un lent Yu et al., 2010
OsSPO11-4 Os12G42760 Yeast SPO11 homolog, DNA
topoisomerase VIA subunit
Reduced fertility, more than 12 distinguishable omosomes An et al., 2011
Processing of meiotic DSB
OsCOM1 Os06G41050 Yeast COM1/SAE2 homolog Sterile, SPO11-1-dependent chromosome
fragmentation, mitosis DNA repair
Ji et al., 2012
OsMRE11 Os04G54340 Yeast MRE11 homolog, DNA repair exonuclease,
formation a complex with RAD50 and NBS1
Sterile, SPO11-1-dependent chromosome
fragmentation, no synapsis
Ji et al., 2013
DNA strand invasion or exchange
OsDMC1 Os11G04954
Os12G04980
Yeast DMC1 homolog, E. coli RecA recombinase Sterile, defects in bivalent formation and unequ
chromosome segregation
Deng and Wang, 2007
OsRAD51 Os11G40150
Os12G31370
Yeast RAD51 homolog, E. coli RecA recombinase No description Morozumi et al., 2013
OsRAD51C Os01G39630 Yeast RAD51C homolog, RAD51 paralog Sterile, no synapsis, SPO11-1-dependent chromo me
fragmentation, multivalent
Kou et al., 2012
OsSDS Os03G12414 Novel cyclin Sterile, defects in bivalent formation Chang et al., 2009
(continued on next page)
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Table 1 (continued )
Gene name RGAP ID Protein feature Mutant phenotype Reference
Synaptonemal complex
PAIR2 Os09G32930 Yeast HOP1 homolog Sterile, defects in synapsis, univalent Nonomura et al., 2006
PAIR3 Os10G26560 Similar to yeast RED1, a coiled-coil domain protein Reduced fertility, defects in axis element formation
and synapsis, fewer chiasmata
Yuan et al., 2009
Wang et al., 2011a
CRC1 Os04G40290 Similar to yeast PCH2, with AAA-ATPase domain Sterile, defects in pairing and synapsis, univalent Miao et al., 2013
ZEP1 Os04G37960 Similar to yeast ZIP1 Defects in synapsis, increased crossovers (COs) in rice Wang et al., 2010
Crossover formation
OsHEI10 Os02G13810 Yeast ZIP3 homolog, a RING finger protein Sterile, mild defects in synapsis, greatly reduced type-I
COs, residual chiasmata are randomly distributed
Wang et al., 2012a
OsMER3 Os02G40450 Yeast MER3 homolog,
DNA helicase
Sterile, reduced type-I COs, residual chiasmata
are randomly distributed
Wang et al., 2009
OsMSH5 Os05G41880 Yeast MSH5 homolog,
bacterial MutS mismatch repair protein
Sterile, reduced type-I COs, residual chiasmata
are randomly distributed
Luo et al., 2013
OsRPA1A Os02G53680 Yeast RPA1 homolog, replication
factor-A protein 1
Sterile, chromosome fragmentation, normal pairing
and synapsis, sensitive to DNA damage in rice
Chang et al., 2009
OsRPA1C Os05G02040 Yeast RPA1 homolog, replication
factor-A protein 1
Sterile, reduced type-I COs, residual chiasmata
are randomly distributed
Li et al., 2013
OsRPA2C Os06G47830 Yeast RPA2 homolog, replication
factor-A protein 1
Sterile, reduced type-I COs, residual chiasmata
are randomly distributed
Li et al., 2013
OsZIP4 Os01G66690 Yeast ZIP4 homolog, with
tetra-tricopeptide repeat domain
Sterile, mild defective in synapsis, reduced type-I COs,
residual chiasmata are randomly distributed
Shen et al., 2012
PSS1 Os08G02380 Kinesin-1-like protein, a kinesin
motor domain in N terminus
Semi-sterility, defects in spindle assembly, fewer
univalent, chromosome bridge
Zhou et al., 2011
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Fig. 2. The co-localization of several meiotic proteins in the wild type rice.
A: PAIR2 (red) with OsREC8 (green); B: OsREC8 (red) with PAIR3 (green); C: OsREC8 (red) with ZEP1 (green); D: OsREC8 (red) with OsMER3 (green); E:
OsREC8 (red) with OsHEI10 (green); F: OsREC8 (red) with OsSGO1 (green). OsREC8 signals were used to indicate the meiotic chromosome axes. Red signals
were antibodies raised from rabbits, green signals were antibodies raised from mice. Bars, 5 mm.
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the molecular mechanism governing meiotic initiation varies
greatly among different multicellular organisms. In budding
yeast, meiotic initiation is closely related to two principal
regulators, inducer of meiosis1 (Ime1) and Ime2. Ime1 is a
meiosis specific transcription factor that triggers a tran-
scriptional program and promotes meiotic regulators to be
expressed in a temporally defined manner (Chu et al., 1998;
Primig et al., 2000). Ime2 gene encodes a meiosis-specific
kinase (Ime2), which has sequence similarity to Cdc28.
This protein is required for meiotic DNA replication and
mediates entry into meiotic S phase (Dirick et al., 1998). In
fission yeast, the RNA-binding protein Mei2 is a substrate of
Pat1 kinase and the dephosphorylation of Mei2 regulates the
cell transition from mitosis to meiosis (Watanabe et al.,
1997). In mice, induced by relatively high level of retinoic
acid, the Stra8 gene expresses a vertebrate-specific protein
and functions in entering meiosis of female germ cells
(Baltus et al., 2006). In plants, a few genes associated to
meiotic initiation have been reported. The earliest mutant in
this event, ameiotic1 (am1), was identified in maize decades
ago (Staiger and Cande, 1992; Pawlowski et al., 2009). In
am1, pre-meiotic cells lose their abilities to enter meiosis.
Besides the function of initiating meiotic phase, AM1 also
participates in regulating the transition process from lepto-
tene to zygotene during early meiotic prophase I. SWITCH1
(SWI1) is the homolog of AM1 in Arabidopsis. In swi1,
female meiocytes undergo a mitosis-like division instead of
meiosis (Mercier et al., 2001; Boateng et al., 2008).So far, four genes related to meiosis initiation have been
identified in rice. MICROSPORELESS1 (MIL1) encodes a
plant-specific CC-type glutaredoxin, which can interact with
TGA transcription factors (Hong et al., 2012). In mil1,
sporogenous cell progenies cannot entry meiosis and anther
locules are filled with somatic cells. MIL1 can trigger an anther-
specific mechanism to direct the meiotic initiation in micro-
sporocytes. The rice AM1 has an important role mainly in the
early meiotic stage transition, rather than in meiosis entry (Che
et al., 2011). In the Osam1 mutant, microsporocytes may enter
meiosis normally. However, the meiotic stage in these cells
stalls at leptotene. OsAM1 presents as dot like signals in the
early prophase I meiocytes. Although loss function of OsAM1
cannot affect the recruitment of OsREC8, it leads to incorrect
installing of protein PAIR2, ZEP1 and OsMER3 on to meiotic
chromosomes. In contrast, OsAM1 can load on chromosomes
normally in pair2, Osmer3 and zep1 mutant meiocytes, sug-
gesting that OsAM1 plays a crucial role to build the stable
chromosome structure in the initiation of meiosis.
MEIOSIS ARRESTED AT LEPTOTENE1 (MEL1), a germ
cell-specific member of the ARGONAUTE family, is impor-
tant in the progression of pre-meiotic mitosis and meiosis
during sporogenesis in rice (Nonomura et al., 2007). In mel1
pollen mother cells, meiotic chromosome condensation is
arrested at early stages. In addition, histone H3 lysine-9
dimethylation of pericentromeres is not reduced as that in
wild type, and the modification of the nucleolus organizing
region is changed. Thus, it is probably that MEL1 modulates
the cell division of pre-meiotic germ cells and the faithful
Fig. 3. The immunodetection of DSB formation in the Osrec8 meiocyte.
Chromosomes were stained with DAPI in blue. Red signals were gH2AX antibody raised from a rabbit. Bar, 5 mm.
130 Q. Luo et al. / Journal of Genetics and Genomics 41 (2014) 125e137progression of meiosis. MEL2, a novel RNA-recognition-
motif protein in rice, exists at cytoplasmic perinuclear re-
gion, is essential for pre-meiotic G1/S phase transition of germ
cells (Nonomura et al., 2011). In mel2 anthers, most germ cells
disable to initiate pre-meiotic S-phase and meiosis, while only
a part undergoes meiosis with a serious delay or goes on with
mitotic cycles.COHESION
Cohesion establishment is mediated by cohesin complex,
which forms a ring trapping duplicated chromosomal DNA
molecules and provides physical linkage between sister
chromatids to held them together (Gruber et al., 2003).
Cohesins play an important role in accurate chromosome
segregation in both mitosis and meiosis. The cohesin complex
contains at least four core subunits: Smc1, Smc3, Scc1 and
Scc3, which are conserved from yeast to humans (Michaelis
et al., 1997; Losada et al., 1998; Ishiguro and Watanabe,
2007; Zhou et al., 2011). However, the cohesin complex in
mitosis and meiosis is not entirely identical. The typical
example is Rec8, the meiotic version of the Scc1 subunit,
exclusively expresses in meiosis and replaces Scc1 function in
most organisms (Klein et al., 1999; Watanabe et al., 2001). In
plants, the smc1 and smc3 mutants are embryo lethal and their
roles in meiosis could not be investigated (Liu et al., 2002).
However, the unique Arabidopsis SCC3 homolog was char-
acterized, luckily due to a weak allele identification, its role in
meiosis was investigated (Chelysheva et al., 2005; Schubert
et al., 2009). The meiosis specific subunit Rec8 was also
identified and functionally characterized in Arabidopsis
(SYN1) (Bai et al., 1999), and maize (AFD1) (Golubovskaya
et al., 2006).
In rice, OsREC8 also functions specific to meiosis. In
Osrec8 meiocytes, the meiotic centromeric cohesion is elim-
inated during early meiotic prophase I, and bipolar orientation
of kinetochores at metaphase I and precocious separation of
sister chromatids at anaphase I were detected (Shao et al.,
2011). Moreover, most chromosomes are intertwined
together to form multivalents from diakinesis to metaphase I,
leading to the chromosome bridges and fragments observed
during anaphase I and telophase I. However, those multiva-
lents and chromosome fragmentations can be eliminated in thedouble mutant Osrec8 crc1, showing that the meiotic DSBs
may normally occurs in Osrec8 (Miao et al., 2013). The im-
munostaining experiments with gH2AX antibody also proved
that meiotic DSBs are formed normally in Osrec8 (Fig. 3).PROTECTION OF CENTROMERIC COHESION
The release of the cohesin complex is essential for correct
segregation of chromosomes. In mitosis, the phosphorylation
of Scc3 by polo-like kinase (Plk1) is required for dissociating
cohesion from chromosome arms before metaphase (Sumara
et al., 2002; Hauf et al., 2005). At the onset of anaphase,
one of the cohesin subunits Scc1 is cleaved by separase. This
process promotes the disassembly of cohesion around cen-
tromeres and initiates mitotic chromosome segregation
(Alexandru et al., 2001). However, this situation is more
complicated in meiosis because of the two consecutive rounds
of chromosome segregation. In order for homologs segrega-
tion at meiosis I, sister chromatid cohesion should be released
from the chromosome arms to resolve the chiasmata. Mean-
while, sister chromatid cohesion at the centromeres must be
retained until meiosis II. Thus, meiotic division asks for sister
chromatid cohesion to be released in a two-step manner by
separase, first along the chromosome arms at anaphase I and
then at the centromere at anaphase II. Shugoshins are the
conserved proteins, which play a key role in protecting the
cohesin adjacent to the centromeres from cleavage by sepa-
rase. Shugoshin proteins have two conserved domains: one is
the coiled-coil that is located close to the N-terminal. It may
mediate homodimerization and interactions with other pro-
teins. The other domain is the basic region in the C-terminal,
which is required for chromosomal localization (Tang et al.,
1998; Kitajima et al., 2004). The first plant Sgo1 gene,
ZmSGO1, was characterized in maize (Hamant et al., 2005).
During meiosis, ZmSGO1 is required to maintaining the sister
centromeric cohesion. In Zmsgo1 mutants, no distinct defects
were observed in the meiotic chromosomal structure or
chromosome behavior from leptotene to metaphase I. How-
ever, the premature separation of sister centromeres occurs in
telophase I, which leads to aberrant chromosome segregation
during meiosis II.
The rice SGO1 homolog, OsSGO1, has been identified
(Wang et al., 2011b). Both in mitosis and meiosis, OsSGO1 is
131Q. Luo et al. / Journal of Genetics and Genomics 41 (2014) 125e137recruited onto centromeres at the beginning of prophase. In
meiosis, the localization of OsSGO1 onto centromeres occurs
in leptotene, which is much earlier than that in other organ-
isms. Its disassociation takes place during anaphase I. In the
Ossgo1 mutant, centromeres of sister chromatids separate
precociously from each other at metaphase I, which gives rise
to unequal chromosome segregation during meiosis II.
Furthermore, the timely assembly and maintenance of syn-
aptonemal complexes (SCs) cannot proceed normally during
early prophase I in Ossgo1. In rice, the centromeric localiza-
tion of OsSGO1 depends on OsAM1, rather than other meiotic
proteins such as OsREC8, PAIR2, OsMER3, or ZEP1 (Wang
et al., 2011b).
Recently, the BRK1 gene, encodes a Bub1-Related Kinase
(BRK1), was identified and characterized in rice (Wang et al.,
2012b). The brk1 mutants are sterile due to the precocious
separation of sister chromatids at the onset of anaphase I. The
centromeric recruitment of OsSGO1 and phosphorylation of
histone H2A at Thr-134 (H2A-pT134) depend on BRK1.
Although the homologs can faithfully separate from each other
at the end of meiosis I, the error merotelic attachment of
paired sister kinetochores at the early stage of metaphase I in
brk1 reduces the tension across homologous kinetochores.
DSB FORMATION AND PROCESSING
Meiotic recombination is initiated by the programmed
DNA formation of double-strand breaks (DSBs), according to
the widely accepted double-strand break repair model. The
primary function of DSB is to facilitate pairing of homolo-
gous chromosomes, whereas repair of DSBs can be consid-
ered as the final goal of meiotic recombination (Longhese
et al., 2009). On the basis of studies in yeast, DSBs are
generated by the conserved type-II topoisomerase-like pro-
tein Spo11. The isolation and analysis of spo11 mutants in
the other organisms have confirmed the critical role of Spo11
in generating the DSB and ensuring the proper progression of
meiosis. However, Spo11 alone is not sufficient for DSB
formation in vivo. Spo11-dependent DSB formation in
Saccharomyces cerevisiae requires at least nine other pro-
teins (Mei4, Mer2, Mre11, Rec102, Rad50, Rec104, Rec114,
Ski8, and Xrs2) (Keeney, 2001). However, unlike Spo11,
analysis of the numerous complete genomic sequences now
available for numerous species shows that few of these nine
other protein in S. cerevisiae are conserved across kingdoms.
In Arabidopsis, three new DSB-forming proteins (AtPRD1,
AtPRD2 and AtPRD3) were identified by a high throughput
genetic screen (de Muyt et al., 2009). Recently, an Arabi-
dopsis DFO was found to be required for DSB formation
(Zhang et al., 2012).
Plants possess multiple SPO11 homologs: Arabidopsis and
maize each have three, while the rice genome contains five.
The rice SPO11 homologs, SPO11-1 and SPO11-4 have been
analyzed using RNAi experiments. The rice OsSPO11-1-
deficient plants show significantly defects in pairing of ho-
mologous chromosome, but telomeres bouquet forms normally
during the zygotene stage. Although PAIR2 and OsREC8, twoaxial-associated proteins, can be loaded onto the chromo-
somes, that the foci of PAIR2 disappear from the chromo-
somes is delayed than those in wild type. They also display
severe defects in SC formation and meiotic recombination.
The ZEP1 (central element of SC) signal does not normally
load onto the chromosomes and the signals of OsMER3, a
crossover-related protein, can almost not be detected on
chromosomes. Thus, SPO11-1 is required for meiotic homolog
pairing, synapsis, and recombination, suggesting that it has a
conserved function during rice meiosis (Yu et al., 2010). In
addition, The OsSPO11-4 exhibits double-strand DNA cleav-
age activity in vitro. OsSPO11-4 can interact with OsTopVIB
evaluated by yeast two-hybrid and Pull-down assay. The RNAi
lines of OsSPO11-4 show defects in male meiosis and reduced
fertility (An et al., 2011). The PAIR1 (HOMOLOGOUS
PAIRING ABERRATION IN RICE MEIOSIS1) gene is the first
cloned meiotic gene in rice (Nonomura et al., 2004). The pair1
mutant shows several meiotic defects in homologous chro-
mosome pairing and recombination. Studies in Arabidopsis
revealed that PRD3 has high homology with rice PAIR1 (de
Muyt et al., 2009). As no obvious PRD3 homolog has been
identified beyond plants, suggests that it is either novel in
plants, or too divergent to be recognized.
Once SPO11 catalyze DSBs formation, it is still
covalently linked to the 50 end of both side of the break.
SPO11 must be removed so as to allow further DSB end
processing by 50e30 resection, which is essential for
homologous pairing and strand exchange. In yeast, the
Spo11-linked oligonucleotides are removed by the MRN/X
complex and the Com1/Sae2 protein. The budding yeast
com1/sae2 cell and rad50 separation-of-function mutants
allow DSB formation but are totally defective in Spo11
removal from DSB ends (Prinz et al., 1997; Usui et al., 1998;
Manfrini et al., 2010). In plants, the resection is hard to see
from the mutant phenotypes. The loss-of-function of COM1/
SAE2, MRE11 and RAD50 mutants in Arabidopsis show that
homologous chromosome pairing is inhibited and chromo-
somes are entangled with association between multiple
chromosomes at diakinesis and metaphase I, leading to the
chromosome fragment formation during both anaphase I and
telophase I.
In rice com1 mutants, the homologous chromosome pair-
ing, SC formation and homologous recombination are severely
inhibited. The specific antibodies against meiotic proteins,
ZEP1 and OsMER3, cannot be loaded normally onto chro-
mosomes in the absence of OsCOM1 (Ji et al., 2012). More-
over, homologous pairing are severely inhibited in the
MER11-deficient plants of rice, and multivalents were
observed at metaphase I, resulting in the formation of serious
chromosome fragmentation at anaphase I, suggests that
MER11 is also required for homologous synapsis and DSB
processing in rice (Ji et al., 2013).
In budding yeast, after Spo11 is removed from the DNA 50
strand termini and the nucleases resect the break to generate
long 30 single-stranded DNA (ssDNA) overhangs, the RecA
homologous strand exchange proteins, Rad51 and Dmc1, can
bind these ssDNA overhangs to form presynaptic
132 Q. Luo et al. / Journal of Genetics and Genomics 41 (2014) 125e137nucleoprotein filaments, leading to the homology recognition
and DNA strand exchange. Rad51 is particularly able to pro-
mote homologous single-strand and double-strand exchange,
which involves in inter sister and/or homolog recombination
and plays an import role in both mitotic and meiotic cell. The
loss-of-function of Rad51 in S. cerevisiae results in a decrease
of both mitotic and meiotic homologous recombination.
Several meiotic defects were detected in the rad51 mutant,
including the accumulated DSBs, failure of the assembly of
SC and loss of the homologous chromosome pairing
(Tarsounas et al., 1999; Richardson et al., 2004). In plants, the
Arabidopsis RAD51 orthologs inactivation also conferred de-
fects in SC assembly and chromosomal instability during
meiosis (Kurzbauer et al., 2012). Compared with RAD51,
DMC1 is a meiosis specific element that uses the homologous
chromosomes as templates to repair meiotic DSBs. In Arabi-
dopsis, AtRAD51 and AtDMC1 have direct interaction as
revealed by yeast two-hybrid assay, supporting the supposition
that plant RAD51 and DMC1 also work together to promote
meiotic HR events (Couteau et al., 1999; Li et al., 2004;
Bleuyard et al., 2006).
To date, three RAD51 paralogs have been identified in rice.
The function of rice DMC1 was analyzed using an RNA
interference approach. The DMC1-RNAi plants show defects
in bivalent formation and unequal chromosome segregation,
suggesting the important role of DMC1 in homologous chro-
mosome pairing (Deng and Wang, 2007). The knockout of
RAD51C plants in rice results in abnormal meiotic processes,
and the rice rad51c mutant is sensitive to different DNA-
damaging agents, implying that the rice RAD51C play
important roles in both meiotic process and DNA damage
repair in somatic cells (Kou et al., 2012). Additionally, rice has
two RAD51 copies, RAD51A1 and RAD51A2. RAD51A2
might be the major player in rice homologous pairing
(Morozumi et al., 2013).
In addition to RAD51 paralogs, several other genes have
been reported to be involved in DSB repair, including BRAC2,
MND1, HOP2, and RPA. In humans, BRAC2 is a major actor
to maintain the genome stability and control the homologous
recombination. The heterodimeric MND1-HOP2 complex in
budding yeast can stabilize the presynaptic filament formed on
ssDNA (Tsubouchi and Roeder, 2002). The Replication pro-
tein A (RPA) is comprised of threes subunits termed RPA1,
RPA2 and RP3 respectively. RPA is a conserved heterotrimeric
complex, which is involved in multiple DNA metabolism
processes including replication, repair, and homologous
recombination. Unlike other species only possessing one RPA,
rice has three RPA paralogs. RPA1a plays an essential role in
DNA repair but may not participate in, or at least is dispens-
able for, DNA replication and homologous recombination in
rice (Chang et al., 2009b). The reduced chiasmata frequency in
rice rpa1c and rpa2c mutants suggests the important function
of RPA in meiotic crossover formation (Li et al., 2013). In
addition, the homolog of the Arabidopsis SDS (SOLO
DANCERS) has been identified in rice. The defects in rice
SDS would lead to abnormal homolog interaction and bivalent
formation (Chang et al., 2009a).CROSSOVER FORMATION
Crossovers play a key role in faithful segregation of ho-
mologous chromosomes (homologs) at the first meiotic divi-
sion, which correspond to the recombination events where two
non-sister chromatid molecules have made reciprocal ex-
change. There are at least two kinds of crossovers coexist in S.
cerevisiae, mammals, and plants. Class I crossovers are
interference-sensitive, and their formation is related to a group
of proteins known as ZMM proteins (Zip1, Zip2, Zip3, Zip4,
Msh4, Msh5, and Mer3). This kind of crossovers is the
products of a pathway going through dHJ formation (Borner
et al., 2004). Class II crossovers is interference insensitive.
In S. cerevisiae and Arabidopsis, formation of this kind of
crossovers requires the heterodimeric endonuclease with
Mus81 and Mms4/Eme1 subunits (de los Santos et al., 2003;
Hollingsworth and Brill, 2004; Berchowitz et al., 2007;
Higgins et al., 2008a). In addition, the numbers of cross-
overs formed under these two pathways vary in different or-
ganisms. Several ZMM proteins have been identified in
Arabidopsis, such as AtZIP4, AtHEI10 (AtZIP3), AtMER3
(RCK), AtMSH4, and AtMSH5.
ZIP4 is a tetra-tricopeptide repeat (TPR) protein in yeast
functions with Zip2 to promote polymerization of Zip1 along
meiotic chromosomes, and is epistatic to all ZMM proteins in
crossover formation (Perry et al., 2005; Tsubouchi et al.,
2006). Its rice homolog, OsZIP4, has also been identified. In
rice zip4 mutant, the chiasma frequency is greatly reduced.
Immunocytological analyses revealed that OsZIP4 appears as
punctuate foci and is co-localized with OsMER3 in prophase I
meiocytes. Additionally, OsZIP4 is essential for the loading of
OsMER3 onto chromosomes, but not vice versa. Double-
mutant analyses showed that Oszip4 Osmer3 displays a
greater decrease in the mean number of chiasmata than either
of the Oszip4 or Osmer3 single mutants, suggesting that
OsZIP4 and OsMER3 work cooperatively to promote
crossover formation but their individual contributions are not
completely identical in rice. Although zep1 alone gives an
increased chiasma number, both Oszip4 zep1 and Osmer3 zep1
show a much lower chiasma number than the Oszip4 or
Osmer3 single mutants, implying that the normal functions of
OsZIP4 and OsMER3 are required for the regulation of
crossovers by ZEP1 (Shen et al., 2012).
HEI10 was first reported in human as a RING domain-
containing protein, which mediates cell cycle and cell inva-
sion (Toby et al., 2003). Mice HEI10mei4 mutant displays high
prevalence of univalent chromosomes at metaphase I, which
finally brings about a meiotic failure on account of chiasmata
deficiency (Ward et al., 2007). Recently, its homolog of
budding yeast Zip3 and Caenorhabditis elegans ZHP-3, was
identified in rice (Wang et al., 2012a) and Arabidopsis
(Chelysheva et al., 2012). In Oshei10, the mutant meiocytes
display a mixture of both univalent and bivalent chromosomes
at diakinesis and metaphase I. Chiasma frequency is markedly
reduced, only about 31% chiasmata are maintained, and those
remaining chiasmata distribute randomly among cells. Further
studies suggest that the mutation of OsHEI10 does not affect
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protein displays a highly dynamic localization pattern during
early prophase I. It initially appears as distinct foci and is co-
localized with OsMER3 signal. Then, OsHEI10 signals elon-
gate along the chromosomes and finally form prominent foci
that are specially localized to chiasma sites. The linear
OsHEI10 signals are always localized on ZEP1 signals, indi-
cating that OsHEI10 extends along the chromosome in the
wake of synapsis. It is suggested that OsHEI10 may specif-
ically promote class I crossovers formation through modifi-
cation of various meiotic components (Wang et al., 2012a).
MER3, a ZMM protein containing a DEXH box, is a DNA
helicase that unwinds various duplex DNA in the 30 to 50 di-
rection in an ATP-dependent manner (Nakagawa et al., 2001).
It is essential for the formation of crossovers in S. cerevisiae
and Arabidopsis (Chen et al., 2005; Mercier et al., 2005). The
rice homolog OsMER3 was characterized by map-based
cloning approach, which is the first identified ZMM gene in
monocot (Wang et al., 2009). In rice Osmer3 mutants, the
chiasma frequency is reduced dramatically, the average num-
ber of residual chiasmata is 5.81 per cell, accounting for only
w28% of that observed in the wild type. The remaining
chiasmata distribute randomly among mutant meiocytes.
Immunocytological analyses revealed that OsMER3 only ap-
pears as foci in prophase I meiocytes. OsMER3 foci are
merely located on one end of REC8 fragments when signals
start to be seen in early prophase I. The normal loading of
PAIR2 and OsREC8 in Osmer3 implies that their installing is
independent of OsMER3. On the contrary, OsMER3 signal
cannot be detected in pair2 mutants, indicating that PAIR2 is
essential for the localizing and further function of OsMER3.
MSH5, a meiotic-specific member of the MutS-homolog
family, is required for normal crossover formation in eukary-
otes. In rice, OsMSH5 was identified through a map-based
cloning strategy (Luo et al., 2013). The SC is well installed
in Osmsh5, while the chiasma frequency is greatly reduced to
approximately 10% of that in wild type. The residual chias-
mata distribute randomly on chromosomes. Immunofluores-
cence studies suggest that OsMSH5 signals are restricted to
the early meiotic prophase I. OsMSH5 foci also can be loaded
onto meiotic chromosomes in Oszip4, Osmer3, and Oshei10.
However, those ZMM proteins cannot be installed normally in
the absence of OsMSH5, indicating that OsMSH5 probably
functions upstream of OsZIP4, OsMER3, and OsHEI10 in
class I crossover formation. Although MSH5 has conserved
function for normal crossover formation among species, the
role of MSH5 in SC assembly appears divergences. MSH5 are
required for normal SC assembly in both S. cerevisiae and
mice (de Vries et al., 1999; Borner et al., 2004). In contrast to
the situation in yeast and mice, MSH5 probably plays little
part in SC assembly in plants. Chromosome synapsis proceeds
normally in the Atmsh5 and Osmsh5 mutants (Higgins et al.,
2008b; Luo et al., 2013). More interestingly, chiasmata fre-
quency in Osmsh5 is the least among the zmm mutants, which
is even less than that in the double mutant Oszip4 Osmer3.
Except for those ZMM proteins, PSS1, a kinesin-1-like pro-
tein, has also been found taking part in crossover formation(Tang et al., 2010). In the pss1 mutant, the spikelet fertility is
reduced to 40%, which is mainly caused by the reduced pollen
viability (50% viable).THE SYNAPTONEMAL COMPLEX
During the early prophase I of meiosis, the close associa-
tion between homologs is enhanced by meiotic-specific ladder
like proteinaceous structure, the SC. As observed with the
electron microscope, the SC is formed with two layers of
lateral elements and only one layer of central elements. The
lateral elements begin to form during the leptotene stage and
they initiate and complete their pairing at the zygotene stage.
After the pachytene stage, the SC usually becomes dis-
assembled and can no longer be identified.
SC assembly starts with the formation of a single protein
axis (named axial element, AE) along each chromosome.
While homolog recognition and recombination take place, the
AEs of homologous chromosomes (then called the lateral
element, LE) are closely connected together and synapsis
begins (Tsubouchi et al., 2006). Genetic and biochemical
studies have identified AE components and showed that AEs
play important roles in chromosome condensation, pairing,
recombination and transverse filament (TF) assembly.
Regarding proteins in the AE, PAIR3 in rice and its homolog
ASY3 in Arabidopsis are the only AE proteins identified so far
in plants (Yuan et al., 2009; Wang et al., 2011a; Ferdous et al.,
2012). Besides those AE proteins, several axial-associated
proteins have also been described including ASY1, REC8
and SCC3 in Arabidopsis.
PAIR2, a HORMA-domain protein, is required for homol-
ogous chromosome synapsis at meiosis I in rice (Nonomura
et al., 2006). Its homologs of Arabidopsis and S. cerevisiae
are ASY1 and HOP1, respectively. PAIR2 was founded in
association with axial elements (AEs) during leptotene and
zygotene, and its removal from the arm regions accompanied
the formation of SC. PAIR3, a coiled-coil domain protein
located on the chromosome axis during prophase I, is essential
for chromosome bouquet formation, initial homologous pair-
ing and normal recombination, as well as SC assembly in rice.
PAIR3 was founded in association with both unsynapsed AEs
and synapsed LEs. Immunocytological analyses indicate that
PAIR3 is highly co-localized with OsREC8. Although PAIR3
localized to chromosomes is in an OsREC8-dependent
manner, it is required for the proper association of PAIR2
with chromosomes (Wang et al., 2011a).
The transverse filaments identified in different organisms
bear no apparent sequence similarity, but exhibit significantly
similar structures. All TF proteins characterized share a
coiled-coil domain in the central region with one globular
domain at each end. In plants, the first TF protein studied is
ZYP1 in Arabidopsis, which represents the major component
of the transverse filaments. Two ZYP1 genes named AtZYP1a
and AtZYP1b were identified in the Arabidopsis genome by the
combination of a BLAST search and the prediction of
biochemical properties of TF proteins (Higgins et al., 2005).
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homolog in rice. In the zep1 mutants, the SC assembly is
abolished, but homologous chromosomes alignment along the
entire length of each chromosome is achieved. The equal
chromosomal segregation from diakinesis to metaphase I in
the mutants can be observed due to the normal formation of 12
bivalents. Although the crossovers are well-established be-
tween homologous chromosomes, the crossover number has
an increased tendency compared with that in wild type.
Furthermore, the frequency of chiasma terminalization is
obviously decreased in zep1. Although the loading of PAIR2
and OsMER3 protein is normal in zep1, the dissociation of
them is delayed severely compared with wild type. Addi-
tionally, the reloading of ZEP1 in early microspores as the
decondensation of chromosomes suggests that ZEP1 possesses
other biological function in this process (Wang et al., 2010).
The TF protein is not the only component in the SC central
region. Studies in mice and Drosophila have identified
several proteins, including SYCE1, SYCE2, SYCE3, TEX12,
and Corona, specifically localized to the SC central element.
These non-TF central region proteins are essential for the TF
assembly within SCs, but their orthologs could not be iden-
tified in plants by BLAST searches. CRC1 is a SC central
region component identified in rice (Miao et al., 2013). CRC1
is co-localized with ZEP1 to the central region of SCs in a
mutually dependent fashion. Consistent with this co-
localization, CRC1 interacts with the N-terminal of ZEP1
in yeast two-hybrid assays. Moreover, CRC1 interacts with
PAIR1 in vitro and is essential for meiotic DSB formation,
suggesting that they properly act as a complex to promote the
DSB formation.
PERSPECTIVES
To date, over 28 crucial genes specifically involved in rice
meiosis have been identified and well characterized in the last
ten years. Our understanding of the rice molecular mecha-
nisms controlling meiotic processes has been increased, which
highlight the considerable conserved and divergent aspects
among plant, yeast, and animal. However, many gaps that are
important to fully understand the molecular mechanisms of
rice meiosis remain. Many key events of meiosis are still
poorly understood in rice. Several aspects need to be empha-
sized in rice meiosis study in the future.
Overall, rice meiosis study is just started, still at the very
beginning compared with yeast, animal, as well as Arabi-
dopsis. Many useful techniques that well developed in other
model organisms have not been applied in rice, like large scale
screening of meiotic mutants, easy tagging of meiotic genes,
single molecule imaging, living cell imaging, ultra-high-
resolution microscopic techniques, meiocytes proteomics,
etc. Accompanied with those techniques being successfully
developed in rice, the study of rice meiosis would be more
charming.
The DSB and its repair model is the fundamental theory of
homologous chromosome pairing and recombination in
meiosis. However, this model has not been well set up in riceso far. It is mainly because many of the key elements evolved
in this process have not been characterized. The other reason is
rice has a duplicate genome during the evolution, and several
key genes related to meiosis have duplicated copies, like
RAD51, DMC1, DFO and so on, which increases difficulties to
generate mutants of those genes. Currently, none of the cyto-
logical markers that can indicate the DSB sites has been
generated in rice. Any clues between DSB sites and crossovers
have not been identified yet. We still do not know the exact
molecular mechanisms of crossover determination. Except for
crossovers, none of the reports on noncrossovers has published
in rice so far. Nonetheless, compared with genetic control, it is
nearly blank about our knowledge on the epigenetic regulation
in rice meiosis.
For research applications, rice is not only a model for
molecular biological research in monocot, but also a very
important crop around the world. The manipulation of rice
meiosis using the knowledge related to the mechanisms con-
trolling meiotic processes would contribute a lot for rice
breeding. For example, to manipulate the frequency of cross-
overs, especially to increase the crossover frequency, would be
much helpful for rice breeders to get better candidates from a
segregation population. The reproduction in rice is a complete
sexual reproduction. The phenomena of apomixes have not
been reported in rice so far. As the increasing of our knowl-
edge on the molecular mechanisms of rice meiosis, we would
find a practical way to change the habit of rice reproduction by
de novo manipulation of rice meiosis. By this way, the apo-
mixes rice would come true one day.
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